A dual series-fed, four microstrip patch array antenna that utilizes planar design for ease of fabrication and signal routing is presented. The natural tendency of a series fed array to have beam tilting over frequency is circumvented by using opposing, anti-symmetric balanced feed points. This approach makes this element suitable for low cost frequencyhopped phased array antennas. An approach for inter-element matching to evenly distribute power to each element is also described. The antenna operates at 4.85GHz with approximately 600MHz of bandwidth.
Introduction
The advantages of patch antennas are widely known. Their broad use is primarily due to the ease of the fabrication, low cost and simplicity of design. These characteristics, combined with the straight-forward integration with microstrip distribution networks make them especially well suited for phased array applications [1] .
In this work, the design of a low cost microstrip patch antenna suitable for frequencyhopped communications is presented. Two of the main considerations are to achieve an instantaneous bandwidth >10% and to minimize the elevation beam-angle variation over frequency. A suitable solution to these requirements is an Nx1 microstrip patch array. As shown herein, the use of an aperture-coupled feed along with the proper choice of substrate materials provides sufficient bandwidth and also avoids the need for live vias or their equivalent. A series-feed approach, combined with an anti-symmetric dual excitation from both ends of the array, helps to address the elevation beam-pointing specification and reduces the distribution network complexity. The dual-feed forces excitation symmetry about the center of the array, therefore keeping the elevation beam fixed at broadside independent of frequency.
In the following sections the array design is described along with simulated and measured return loss and radiation pattern data. An equivalent circuit model for the aperturecoupled patch has been used to design an inter-element matching network that achieves equal power distribution to the patches. The measured return loss is >10 dB over the 4.68-5.25 GHz frequency range.
Array Design
The four-element, dual series-fed microstrip patch array is shown in Figure 1 . Each element is an aperture-coupled patch, and a feed at each end of the array is used to excite a pair of elements in series. The inner patches have a short, open-circuit stub that extends beyond the coupling slot for impedance matching, and a second stub between elements is used to achieve equal power distribution between the slots. In order to account for the difference in the feed-line directions, the signals applied to each end of the array are 180 degrees out of phase. The aperture-coupled patch configuration was first presented by Pozar [2] and typically consists of two substrates separated by a ground plane that is perturbed by a coupling slot. The thickness and dielectric constant of the two substrates can be independently selected to optimize radiation characteristics (patch layer) and feed network loss or size (feed layer). In this design, a 20 mil Rogers 4003 (ε r ~ 3.6) feed substrate and a 125 mil Rogers 5880 (ε r ~ 2.1) patch substrate were used ( Figure 2 ). The power from the feed line is coupled through the ground plane slot to the patch antenna; a variety of different slot shapes have been investigated in order to maximize return loss bandwidth [3] [4] [5] .
Stub Slot
In order to maximize the efficiency of the design process, equivalent circuit models were used to optimize the feed network for return loss performance and equal power distribution. Numerical electromagnetic simulations were performed using Agilent's Momentum, and from these results equivalent circuit models for individual aperturecoupled patch designs were extracted and validated. The topology used in the model consisted of an inductor to represent the coupling slot, in parallel with a series RLC to emulate the patch element. The circuit models were used in a network representation for each pair of elements; along with the patch models, the network included the open-circuit stub terminating the inner-element feed-line, the inter-element matching network, and the input feed line. Referring to Figure 3 , the matching network was used to transform the input impedance of the second patch to Z 2) in accordance with the series configuration. Neglecting transmission line loss, Equation (1) ensures equal power delivery to the antenna elements. The real-valued Z in could be further transformed in order to maximize return loss although in this design the value was sufficiently close to 50 Ohms. Furthermore, the impedance matching approach does not, in itself, ensure equal phase excitation at the two elements; this is a requirement for broadside radiation from this pair. As shown in Figure 1 , however, a phase imbalance can be tolerated since the second pair of elements restores phase symmetry about the center of the 4-element array. The phase symmetry is frequency independent and ensures a fixed broadside pattern. Additional research is required to determine sidelobe sensitivity to these phase imbalances. Figure 4a shows the comparison of the return loss between the measurement and simulated data for the four element array. The measured return loss of the fabricated array is >10dB over a 600MHz frequency range. It is believed that the discrepancy between the measured and simulated results is partially due to connector limitations, as those available for the initial measurements are not recommended for use beyond 4 GHz due to their large size. The limited extension of the substrate beyond the patch edges, which was approximately 250 mils, may also contribute to the differences in the measured data. Both of these issues are currently being improved for second generation test structures. Figure 4b shows the measured and simulated E-plane radiation pattern. 
Array Performance

Conclusion
A 4.8 GHz, 4x1 patch antenna array with 12% bandwidth has been presented. The elevation beam-angle is fixed at broadside due to the use of a dual, anti-symmetric feed from both ends of the array. An inter-element impedance matching approach, which is scalable to N elements, is used to balance the excitation amplitude at each element. Continuing development of this antenna configuration and design approach will include consideration of mutual coupling effects, radiation pattern effects due to feed phase imbalance, and the extension to a 3-D implementation in order to achieve omnidirectional coverage.
